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"comma" representation of String Field Theory where string fields and 
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a function of particular combinations of matrices corresponding to the 
change of representation between the full string and the half string degrees 
of freedom. 
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1 INTRODUCTION 



String Field Theory has provided a consistent picture for the treatment of Open 
Strings |T|. Recently some advances have been made in the formulation of a 
Field Theory for Closed Strings |||] . This is welcomed from a phenomenological 
point of view since closed strings appear to give a suitable picture of string 
physics at low energy. A complete understanding of low energy string physics 
seems to require the treatment of strings in this framework. 

The Closed String Field Theory (CSFT) proposed in Q has the particularity 
of requiring a non-polynomial action in which at every step one has to include 
a term in the action corresponding to the interaction of an arbitrary number of 
strings over a world sheet given by the so-called restricted polyhedra. The edges 
of these polyhedra play the role of the modular parameters and one restricts 
the region of integration over these in a prescribed way. In the theory, the 
interaction terms are interpreted as the overlapping of closed strings in a way 
which resembles the original theory for open strings due to Witten On 
the other hand there is the suggestion in Q that the overlapping of closed 
strings can be formulated, using the property of reparametrization invariance 
of the string amplitudes, as the overlapping of standard string segments which, 
following the example of the open strings, can be considered as half-strings. 
In turn, one interprets the string functionals as matrices and the interaction 
between strings as the product and trace of these matrices. This feature shows 
that, even in the case of closed strings, the half-string picture is relevant in the 
construction of the string interaction. However, the formulation from a Fock 
space approach seems to be a formidable task since in the absence of a compact 
formulation one should calculate separately every term in the action. 

Hence, our main motivation comes from the fact that, following Q, the A^- 
faced polyhedra describing the interaction of N strings at the level of the action, 
can be written as a reparametrization of the vertex in a contact interaction. 
Thus, as a first step, one finds useful to work out the contact interaction vertex 
for an arbitrary number of strings. 

The purpose of this work is then the study of the A^-strings contact interac- 
tion in a general form. This will form the base of a compact formulation of the 
closed string vertex in the non-polynomial theory. We perform the calculation 
for open strings since their formulation at the level of Fock space is firmly set- 
tled. On the other hand, they share many of the peculiarities of the operator 
formulation for closed strings The results obtained here are very similar 
-from the technical point of view- to those for the closed string so they can be 
adapted, with minor modifications, to the latter. 

Related to this point, we will see that, apart from the fact that half-strings 
play a conceptual role in the formulation of closed string interactions, linking 
the CSFT IQ] with the approach described in they reveal as a useful technical 
tool for the treatment of string amplitudes, both for open and closed strings. 

In the theory of Witten for string fields the interaction between strings 
is defined by a * (product) and / (integration) which are defined through the 
joining of half strings. In particular, the interaction between two strings to give 
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a third one is defined from the * as: 



i^P*cP)[x] = / Z)yV[xL;y]0[y;x^], (1.1) 



where ip represents the string fields. The interaction takes place through the 
joining of half strings. The operation of integration, which allows us to obtain 
invariant quantities, is defined as: 

-0 = / L>xV'[x;x]. (1.2) 



Therefore the fundamental degree of freedom from the interaction point of view 
is the half string. It is then justified to adopt an approach in which the half 
string plays explicitly an important role. We will base our formalism in the 
"comma" representation of string field theory developed in |^. 

In the "comma" formulation, we single out the midpoint and represent string 
fields as matrices. The string is divided into left and right parts which play the 
role of row and column indices of those matrices. Interaction takes place simply 
by multiplying (product (|l.lD ) and taking the trace (integration (|1.2D ) over the 
matrices. The advantage of this approach is that one can handle in a compact 
form the string contact interaction for any arbitrary N. In fact, the vertex 
for N strings is simply given by: 



Vn 



J (ix(f) Tr[Ai.A2...AN], (1.3) 



where Ai are the matrices representing the string states. 

We must point out that the former equation does not give the tree level 
A^-string interaction, but only the contact term. In order to get the tree level 
amplitude one could consider the reparametrization approach as described in 
Q to get the correct moduli space of parameters. This however, is beyond the 
scope of this paper, although work in this direction is under way in order to 
find a formulation suitable for the non-polynomial CSFT. 

To finish the introduction some comments are necessary about the ghost 
degrees of freedom. It is known that in Witten's theory, the violation of ghost 
number at the vertices and the ghost number of physical states fixes the value of 
N. In this sense, the vertex (|l.3| ) vanishes unless = 3. This is of no relevance 
to us since our purpose is just the calculation of the N string interaction vertex 
in order to get some insight of the structure of the terms in the theories of Q. 
Hence in the following we will ignore the ghosts degrees of freedom, although 
they certainly could be treated with the techniques presented here Q. 

The plan of the paper is as follows. In section 1 we present the formulation 
of the half string degrees of freedom ("comma" representation). In section 2 
we discuss the construction of the string physical states, therefore settling the 
basis for the calculation of the strings vertex. This calculation is performed in 
section 3. In section 4 we find the Fourier coefficients of the Neumann functions 
for the appropriated geometry of the vertex. Comparison with particular cases 
worked out previously is also given. Finally we summarize our results in the 
conclusions. 
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2 STRING AND "COMMA" COORDINATES 

The first task we must face is the expression of the elements of string field the- 
ory, namely the fields and the interactions between them, in terms of matrices 
and operations such as trace and multiplication (|1.3| ). To this end one has to 
introduce the degrees of freedom referring to the left and right halves of the 
string. Following our previous work ||5| we define the functions: 

X^^\c^,t) = x(a,r) -x(f,r), 
X^^\^,t) = x(^-a,r) -x(f,r), 

a G [0,f], (2.4) 

where x(cj, r) are the string coordinates (space-time indices will be suppressed 
throughout). From their definition, it is clear that x^^^ and x^^^ are related to 
the left and right parts of the string respectively, (henceforth we will call them 
"comma" coordinates). 

The boundary conditions as well as the constraint implied in the change of 
representation (see |^] for details) imply the Fourier expansion of the "comma" 
functions in terms of odd cosine modes with the explicit form: 



X 



(r) 



{a,T) =V2Y, X^uHt) cos{2n-l)a where r = l,2; o-e[0,f]. (2.5) 



n>l 

The inverse relations are obtained by integration over one period: 

2^2 r/^ 



vr Jo 



/ da X {(^jt) cos(2n — l)cr where r = l,2. (2-6) 
Jo 



Our purpose now is to find the relation between the "comma" modes and 
the conventional string ones. This will allow us to represent the physical states 
in terms of the "comma" degrees of freedom. 

From definitions (|2.4D and (|2.6|) , using the standard open string mode ex- 
pansion: 

x((T, r) = xq + pr + i ^ _!±^-inT ^2.7) 



one arrives at the relation: 



An \' J / J An,m^ ' 
m^O 

(r) 

where the Xn'm are time-independent coefficients given in terms of string oscil- 
lator modes by: 

_ ^tr^ 1 ^ 

Xn,2m — 



vr \2m + 2n-l 2m - (2n - 1) 2n - 1 / 2m 



(r) 
Xn,2m—l 
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for n ^ m, —m and 

(r) _ j-Y"^'^ ^Q2n-1 

Xn,n - ^ 2n-l' 

M _ (-)'• ia-(2n-l) , . 

Xn,-n - ^ 2n-l • ^^-^^ 

Since we will mainly deal with string fields, namely string wave functionals, 
we are only interested in the relations at fixed r. Fixing r = in ( ^.81) we end 
up with a relation between the "comma" and the string oscillator modes, the 
latter defined according to: 

(dm Cl—m)i 



to give: 



m>l 



.2n- 1. 

where the matrices M\ and Af2 are: 



(2.9) 



2n \ (_)n+m 



vr V2m- 1/ In - (2m- 1)' 

(^2km = -fir^) V (2.10) 

vr V-^^i — 1 / 2n + 2m — 1 



It has been shown that the transformation ( |2.9| ) is non-singular [g], the 
inverse relation can be obtained from (|2.6| ) to give: 

1 ^ /2m - l\i/2 



= 2 E ( ) [(^1)-'" - (^2)m,„] (X^^) + X^)) . (2.11) 

r)i>l 

In the decomposition of the string into left and right halves ( |2.4[) , we have 
singled out the midpoint coordinate. Therefore to complete the picture we need 
its expression in string coordinates which, at r = 0, reads: 

x(|) = xo + \/2 5](-)"x2„, 

n>l 

conversely, the center of mass in the "comma" representation is (again we take 
r = 0): 

r=l,2 
n>l 

These two relations together with the oscillator mode relations ( |2.9| , 2.11| ) 
complete the equivalence between the string oscillator modes {x„}^q and the 
position degrees of freedom describing the "comma" representation, which, in 
the transformation we have defined, are equivalent to the midpoint and the 
"comma" oscillator modes, i.e., {xn^; x(^)} where r = 1, 2 and n = 1, . . . , 00. 
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2.1 Conjugate Momentum 



For our purpose, we merely need the relations between the "comma" and string 
conjugate momenta, we can 
and x(^) in the usual way: 



(r) 

conjugate momenta, we can define the quantized momentum conjugate to Xn 



Thus, using ( |2.9| ) and applying the chain rule, one can find the relation with 
the conventional string momenta {pm)- In summary, they are given by: 

1 1 / In 1 \ \Pl i 'V' 



2 2 \ 2m J IT In — 1 

V = Pq. 

Also, the inverse relations read: 

P2n-1 = V^'^-V^^^ (2.12) 

m>l 

+ V2{-rv. 

Upon quantization, the commutation relations for the "comma" coordinates 
and momenta are the usual ones corresponding to a discrete set of conjugate 
variables, namely: 

\-yir) -p(s)l _ „■ xrs: 

[x(f),7'] = h 

as can be explicitly checked from the previous relations. 

From the one to one correspondence between the "comma" and the string 
degrees of freedom as we have estabhshed in we see that the iden- 

tification 

is needed where TL stands for the string space, TLr are two copies of the half- 
string spaces and TIm describes the midpoint. The over bar in the former 
expression stands for the completion of spaces, we need to take this completion 
in order to ensure a Hilbert space structure in both terms. 



3 OPERATOR APPROACH TO THE COMMA REP- 
RESENTATION 

For practical purposes it is convenient to develop a formulation based on cre- 
ation and annihilation operators and express the elements of the theory in terms 
of the tensor product of two copies of the Fock space representing the states of 



5 



each half-string. This will allow us to overcome the ambiguities in the definition 
of the functional integral appearing in the product ( |1.1| ) and integration (|L^), 
since one ends up with a representation in which the states are just infinite 
matrices and the above-mentioned operations become products and traces of 
matrices respectively. 

In order to construct the Fock space of the "comma" 
the creation and annihilation operators for the "comma' 
way: 



states, let us define 
modes in the usual 



5(r)t 



-i /2n 
i /2n 



1 



1/2 



1/2 



(r) 



2n 



(r) 



—V 

' n 



• n 



2n- 1 

(n > 1). 

The degrees of freedom relative to the midpoint, namely x(^) and V\ only 
appear in the Fock space states in the form of a plane wave. We can use directly 
those variables to generate the midpoint Hilbert space. 

The meaning of the operators ftn*^^^ is clear: acting on the "comma" vacuum 
state |0)r, creates a "comma" oscillator mode of half integral frequency [n — ^), 
these vacua fulfill the relation 6n ^|0)r = 0, n = 1, . . . , oo. 

Repeated action of hn on the vacuum gives the Fock space states corre- 
sponding to each half-string (Wr)- Hence, the complete space on which the 
"comma" states live is given by the tensor product "H. = Hx® 7^2 ^^iu after 
folding in the piece corresponding to the midpoint motion (TCm)- 

Following similar steps as in the preceding section, we can find the relation 
between the "comma" creation and annihilation operators and the conventional 
ones. Using equations ( |2.9| , 2.12) we find: 

V2 (-)("-!) 1 



l)3/2-^'0+^. 



a2 



n-l 



+ 



oo 

E 

771=1 



a2n 



2)m,nCL2m 



(3.13) 



and the corresponding relation for 6^^^^ by changing o„ 



Again, the inverse relations are given by: 

a2?i-i = 

i-y 

-r ^ 



(3.14) 



We have defined the combinations b 

u(r)t 



(±) 



1 

V2 



3^ Um 



-the ones correspond- 



ing to the creation operators h\n are defined in an analogous fashion-. Finally 
the relation for a|j is accordingly obtained. 

With relations (3.13, p. 14 ) in hand, we are able to obtain the string states 
in terms of the tensor product of "comma" Fock space states; in particular we 
find that they belong to the completion of the space 7i defined above. 
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3.1 String States in the "Comma" Representation 

It was already mentioned that string states, as gauge invariant states and eigen- 
states of the string Hamiltonian 0, are defined from the conventional string 
creation and annihilation operators. In the following we use this definition and 
the relation with the "comma" modes ( ^.14 ) to write them in the "comma" 
representation. 

First of all we shall start with the string vacuum which, in the string repre- 
sentation, is defined through the relations an\0) = Vn. Then in view of rela- 



tions ( 3.14 ) we can express the vacuum state as an exponential of a quadratic 



form in creation operators bn^'^ acting on the tensor product |0)i|0)2. Notice 

that an=odd\0) = bn ^|0) = 0, so only the combination b^it^ appears in the ex- 
ponential. Under this conditions the vacuum takes on a generic form similar to 
the BCS vacuum involving only the 6^^^^ operators, namely: 

||0) = exp {-hi+)^^^^b^+)^^ |0)i|0)2, (3.15) 

and the matrix (f) is determined by acting with an=even- One finds: 

Using the properties of the coefficients given in the appendix, and noticing 
that in the particular case p = 2 they are related to the combinatorial numbers 
/ -1/2 \ 

' 1 , one arrives at the following expression for the elements of the matrix 



n 




2(n + m-l) \n-l \m-l 



2{n + m — 1 



The tachyon state is immediately obtained just by inserting the plane wave 
of momentum p corresponding to the center of mass motion. Since the center 
of mass operator is expressible in terms of creation and annihilation operators 
as: 

xo-x(J ^ 2^ (2n - 1)3/2 ^ 

n>l ^ ' 

one gets the tachyon in the "comma" representation: 



^p'^k'^il + 0)A? - pF(/ + ^u(+)t 



exp 



i6(+)t^fe(+)t^ |0)i|0)2. (3.17) 



The vector k is given by kn = - (2n_i)3/2 ^^'^ the operators bn ,bn are given 
above as a combination of the "comma" annihilation operators. As we can 
see, the momentum insertion unfolds into two pieces, the first one giving the 
midpoint motion, the second relating the two halves of the string. 
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3.2 String States 

In the usual string picture, higher states are obtained by the action on ( 3.17] ) 
of the creation operators aj^ (since [aJj,rEo] = there is no ambiguity in this 
construction). 

To get the general setting it is useful to work out the coherent state bases 
of the string states defined by: 

||A,A';p) = e^P-«||A,A') = 

= e^P-o exp (^f^iX'An + AnaL-i)) l|0), (3.18) 

in the "comma" representation. By taking the appropriate derivatives of these 
states, one can obtain string states with any occupation numbers. In general, 
for the string state with occupation numbers {rii}^^ one has: 

oo 1 

These states are written in the "comma" representation making the appro- 
priate substitution of the string oscillator creation operators in terms of the 
"comma" ones ( p.l4| ). Moving the annihilation operators to the right, one is 
left with the following expression for the coherent string state: 

||A,A';p) = C(p,A')e'^"(i)exp (X''b^'^^ + ifU+^^ - i6(+)t06(+)t^ |o)i|0)2, 

(3.20) 

where: 

C(p, A') = exp (^-^p^k^il + (l))k + ^A'^(Mf )-1mJA' + pX'^{M^)-^k 
p{pA) = -p{I + <P)k + {Ml)-^X. 

The matrix notation we mentioned in the introduction can be now put for- 
ward. We can consider the string state as an operator acting on one copy of the 
Hilbert space corresponding to the half-string, its explicit form can be extracted 
from the states (3.20). Alternatively we can define the matrix elements taking 
the scalar product with a generic string state with definite "comma" occupation 
numbers. The associated matrix is then defined as follows: 

[A,A']|tJ|f^ = (-)^-'^^''({nf^};{nP}||A,AO, (3.21) 
where {'T-j^'*}) is the tensor product of two "comma" states, namely 

oo 

\{nt^}T=i) = \{^{ht^Y^\^)r. (3.22) 
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Eoo (2) _ _ 

^^.^ ^^^^^^ y J i=i"'i appears in the definition of ( |3.2l| ) to conform with the 

standard convention in string field theory that the parametrisation of the second 

half of the string is reversed. 

By using standard techniques, the creation and annihilation operators can 

be dealt with to work out the explicit form of the matrix elements in ( 3.2lj ). 

The final answer is: 

(2) 

1 

-M) e-2- U-.=o . (3.23) 



V2 ' 

The only new quantities are containing derivatives with respect to the 
auxiliary parameter z. They are defined by: 

This expression gives the matrix form of the coherent state basis of the 
string representation of the physical string states. It can be used in equations 
like ( [1.3D to express the star product as a product of matrices and integration 
as a trace. This will be described in detail in the next section. 

Before going on, two comments are in order. Firstly, notice that the matrix 



elements defined in equations ( 3.21 , 3.23 ) can be viewed as the ones correspond 



ing to the change of basis between the representations given by the string states 
( P^ and the " comma" states (|]22|). If the Hilbert space were finite dimen- 



sional, the transformation would be automatically complete since, by construc- 
tion, it relates two orthogonal bases of it. In our case, the string Hilbert space 
being of infinite dimension, one should actually prove this property explicitly 
by working out Parseval's identity both ways. This proof was carried out in Q 
showing the equivalence between the two representations. 

Secondly, in order to establish the validity of the "comma" representation 
to describe String Field Theory we should be able to generate the physical state 
spectrum and the scattering amplitudes among the string states. To that end 
we have constructed in the Virasoro algebra in the half-string representation, 
taking care of the possible ambiguities coming from normal ordering in both 
representations. It was shown that gauge and on-shell conditions are kept in 
the "comma" representation. 



4 THE N-STRING INTERACTION VERTEX 

This section is devoted to the calculation of the generic N-String vertex. Once 
the matrix representation of the string states has been put forward, we can 
interpret the -k and integral ( |l.l| , |L^ ) in terms of these matrices. In fact, 
since the ^-product involves the identification between left and right parts of 
contiguous strings, we immediately see that this translates into our picture as 
the product of matrices representing two contiguous strings. On the other hand 
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the integral, which in some sense closes the cycle, is just the trace of the product 
of these matrices. 

Therefore, defining the string states through the coherent states \\^^\ X^'^^') 
given in ( |3.18| ) , the N-string interaction vertex, according to (|l.3| ) and the com- 
ments in the paragraph above, reads: 

V;v = /dx(f) eT.l.p'''<l) Tr([A«,A«']...[AW,A(^)']), 

where the matrices [A^'^^ A'-'^-*'] were defined in ( |3.23| ). The midpoint coordinate 
has been explicitly separated. Integration over this coordinate can be performed 
in a straightforward way, giving a (5-function of conservation of momentum. This 
proves that the midpoint plays the role of the translational mode of the string 
as one would guess from the definition of the "comma" coordinates. Thus, the 
part in the vertex involving the trace of the product of matrices contains all 
the relevant information. It is given explicitly by: 

Tr([A«,A«']...[A(^),A(^)'] 

N 



i=l sJ-)x i=l'^i 



{<'} 



(1), 



(1) (2) (3) 



exp ( — — z$z 



|z=0) 



where the upper index in d\^^ refers to the r-th string state, z = (z^"'^^ . . . , z^^-*) 
and $ = (/> Iat, Itv being the identity matrix in the dimensional space spanned 
by the A'^ strings. 

(r) 

The sum over n- can be readily performed giving a more manageable 
expression: 

/TV \ N 



Vn = 5 E^'^^'MnC(^^^'^^^'^')...C(p(^),AW') 

\r=l / i=l 

exp (^-1 + + . . . + 



exp ( — — z$z 



|z=0 • 



The derivatives in the auxiliary variable z can be carried out by using stan- 
dard techniques on quadratic forms and after a tedious, although straightfor- 
ward, calculation one ends up with the expression for the vertex. Up to a global 
normalization factor we have: 



exp A^Bsp + A^'B'aP + A^BA' . (4.24) 
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In (4.24), bold face characters refer to vectors and matrices in the A^-space 
spanned by the N strings, namely p = {p^^^k, . . . ,p^^')k), A = . . . , A^^^), 
and A' = (A^^)', . . . , A^^)')) on the other hand, B, Bi, and B'; are iV x 
dimensional matrices whose elements are again infinite dimensional matrices. 

These quantities have the following explicit expressions in terms of the ma- 
trices of change of representation Mi and M2: 



b 
Bi 

B'l 
B2 

B 



k"^ (mJ + M^) (1 + S 



-1 ^ 
k. 



mJ - s+mJ 



-1 



MoS- 



-1 



(M2 + Mi)k, 



-1 



(1 + S_ 

1 



(4.25) 



(the only quantities not yet defined are the matrices {S±)ij = | {^i+ij ± 
where the lower indices are defined mod N). 

We first diagonalize the matrix S-|-. It is worthwhile going into some details. 
The characteristic equation for S+ (det[S+ — AIn] = 0) can be written as: 



det{S+ - AIn) = -AdetMN-i - 2detMN-2 - 2(-) 



N 



0, 



where Mn is the A^-dimensional matrix with elements (Mn)^ j = ^{Sijj^i + 
6ij-i). The determinant detMN, and in turn the above equation, can be cal- 
culated in a recursive form in terms of the dimension A^. We can write this in 
matrix form: 



Mn 
Mn 1 



-2A 
1 



-1 







Mn-1 

Mn-2 



(4.26) 



with the subsidiary conditions detMi = — A and detMo = 1. After diagonal- 
ization one gets the solution for detMN: 



where fi± 
fulfills: 



detMN 

,1/2 



N+l 



,N~1 



-A±[A2 - 1] Hence, the solut ions of the characteristic equation 

N 



-a±(a2-i) 



1/2 



(-) 



N 



Solving this equation we get the values of A = cos with k = 1 . . . N which 
are the eigenvalues of the matrix S+. 
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Now, the matrix that performs the diagonahzation of S-|_ (we use the nota- 
tion S+ = R'^DR, with Djj- = 6ij cos ^jf-) is given by: 



R 



N/2,j 



R 



R 



'N,j 



2 TTl 

— COS— (2? - 3), for 1 < A; < 



N - 1 



TTl 



1 

N 

^sin^(2j-3), for 

r 

N' 



N + 1 



<k<N, 



(4.27) 



Substituting in (4.25) and using the symmetry properties of the trigonomet- 
ric functions one ends up with the following expressions for the terms appearing 
in the exponent of the vertex: 



4 ^J^' o^TT 2kTT(i - j) 

— > cos — cos ■ 



k=l 



N 



N 



mT - cos 



2kTr 



Mi 



k, 



°2 



^2 



+ 



- {5ij+i + 6ij^i) I 



^ .=1 



[V] 

E 



sm 



2 2kTT 2kir{i - j) j. 



N 



E 

k=l 



cos ■ 



■ cos 
N N 

1 + 

2k'K[i — j) 



- cos 



2kTT 



m: 



T 



N 



Ml - cos -r^M2 



- 1: 

N ^ 



N 



2k'K 2k7r(i — j) 
sm sm 



k=l 



N 



N 



N 



M{ - cos 



- cos 



2fe7r 
1^ 



Mo' 



(M2 + Ml) k, 



(Ml + Ms) A: + 



4 ^kTT 2kTT{i-j) 

+ iv E COS —cos 



k=l 



Mf - cos 



2 '■^^ 2A;7r 2kTT(i—j) i rp 

y sm sm 77 | Mi — cos 



k=l 



N 



N 



2k7r 
2k'K 



-M 



-M4 



T 



(4.28) 



This gives the final form of the vertex obtained in this approach. The im- 
portant thing to notice at this point is that this result is given in terms of the 
change of representation matrices Mi and M2 ( |2.10| ) , that appear in the combi- 
nation (^Mf — cos ^j^M2^ with k = I . . . N. Once the inverse of this matrix 
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is obtained, we can directly identify the elements of the exponent of equation 
( [4.24 ) with the Fourier components of the Neumann function corresponding to 



the A^-string contact interaction. We postpone the calculation of this matrix 
and the identification with the Neumann functions until the next section. 

Before concluding this section let us make some comments on the symme- 
tries of the coefficients appearing in ( [4.28| ). First notice that regarding to the 
diagonal terms {i = j), they are independent of the position. This corresponds 
to the fact that they describe the self interaction of the strings and, in the 
general form worked here, they are equivalent. The second property to notice 
is that, if A is any of the matrices in (|^), they fulfin A^'^ = as it 



corresponds to the fact that they describe the interaction of the string in po- 
sition i {i + I) with the one at position j {j + I). Finally the diagonal terms 
in the matrices B*'-' vanish, this corresponds to the lack of connection between 
odd and even modes in the same string. 

5 NEUMANN COEFFICIENTS FOR THE N-STRING 
VERTEX 

In this section we finish the calculation of the vertex and proceed to the identi- 
fication of the coefficients appearing in the exponent of the vertex in equations 
(I^ID and (1^, with the ones obtained via the conventional approach based 



on the path integral formulation of string amplitudes. We want to stress the 
fact that in this approach the Neumann coefficients are obtained in a compact 

form once the way to invert the matrix (^Mf — cos ^^Mg"^ is known. 

Before going on let us outline briefiy the calculation of the vertex based on 
the path integral formalism of the string sigma model. 

The A'^-string amplitude for a closed region is given by the path integral: 

J DX{z)exp!^-j^ J d^z {dX{z)f + dzr 

where a general state is represented by the momentum distribution p^{zr). The 
vertex is given by: 

{1 ^ 
-- ^ / dZr / dZs p''{Zr)N{Zr,Zs)p''{Zs) 
r,s=l ^ ^ 

where the Neumann function is defined as the solution of the differential equa- 
tion: 

[d^, + di)Niz,z') = 2Tr6\z-z'), 

dnN{z,z') = f{z), 

where n is a vector normal to the boundary. The former equation can be cast 
in terms of the Fourier components of the Neumann function as: 

(-. N ^ 1 
^N = expl-J2 E PnNn,mP'm. • (5.29) 
I r,s=l n,m=l J 
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Now we can compare the vertices of equations (|4.24| ) and ( ^.29 ) and identify 
the quantities in ( 4.28 ) with the Fourier components of the Neumann functions. 
To get an expUcit expression, we proceed to invert the matrix 

Ml - cos— —Mo 
1 N ^ 



Consider the generic combination: 



we propose the ansatz: 



/"2m "2n--l "T '^2n-l"2m , o/"2n-1^2m '^2n-l"-2m 



^1 zm zn—L ' zn~L Am _|_ ^/ 



2m - 2n + 1 2m + 2n - 1 

for the inverse. The coefficients Un^^'^ and Vn^^'^ are the coefficients of the 
Taylor expansion of the rational functions: 



1 — X J VI — 2; 

respectively. On the other hand a' and as well as p are free parameters to 
be determined. 

Imposing the condition that our ansatz is the required inverse we end up 
with the following equations that restrict the values of the free parameters a' , 
j3' and 1/p: 

IT 

aal — (3[3' cos — = 0, 
P 

TT 

a/3 — /3a' cos — = 0, 
P 



( \n+m 

^^^(2m)-V2(2n)-i/2 = /j^' 



2sin^ 

p 

From these equations we fix the free parameters. The relations read: 

1 1 



a' 



4sin^/3' 



- 



4sinf/3' 



p' 

v2 



cos^- = ^39- 5.30 
p p'^ 

In the particular case of interest to us, the values of the free parameters are: 

2k'n 2'^ 2 

a = cos —-- , = 1 and cos — = cos — — . 
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From them we obtain: 
«' = /?' = - 



7T-, — and p = — for k = 1. 

4sm^ 2k 



N 



or p 



2{N - k) 



if k 



N 
2k 
N + 1 



N-1 



.{N-1) 



(the cases k = N, ^ are trivially solved). These results complete the form of 



the inverse matrix. For instance if A; < 

2k7r 



N-1 



the result reads: 



Mf - cos ■ 



N 



-M4 



\m,n~ 



(-)"+™(2m)i/2(2n- 1)1/2 



2sin^ 



(2k/N) {2k/N) (2k/N) (2k/N) 
"2m "271-1 "T "2n-l "2m 



2m - 2n + 1 



+ 



+ 



u. 



(2k/N) {2k/N) (2k/N) (2k/N) 



2n-l ^2m 



2n-l ^2m 



2m + 2n - 1 



Once the inverse matrix is obtained, it is a straightforward matter to cal- 



culate the matrices appearing in ( 4.28 ) and the further identification with the 
Neumann functions. To illustrate the sort of calculation involved, let us con- 
sider the case of the quadratic momentum term. We want to compute the 
quantity: 



Mf - cos 



2k-K 



-M. 



-1 



k. 



which can be written as: 
8 1 1 



vr^ sin ^ (2n 
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1 



+ 



1 



2m + 2n - 1 2m - 2n + 1 



^2m -^0 • 



Then, using the properties of the sums given in the appendix - (| 
and (|A.7| ) in particular- we end up with the result: 



vr sm 



2k-K ^0' 
N 



which leads to the value of the Neumann coefficient A''o,o- Proceeding in a 
similar fashion we can obtain the remaining Neumann coefficients described in 
(|]2D and (|53g| ). The final result is: 



^^0.0 - AT 



1 2kTr(i-j 
1^ cos- 



fc=i 



-6 ^ 



N 

1 + + l 



+ 



N 



k 
N 



[V] 

E 

k=l 



2i){l)+A\n2 



cos 



n ' m ' , 

N 2 
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/• 2fc N (2k\ / 2fc \ / 2fc N / 2fc \ / 2fc \ <• 2fc n <• 2fc \ 



n + m 
2 



+ 



n — m 



AT-l l 
2 J 



2A;7r(i — j) 



k=l 

"■71 '^m ~r Un u-m 



1,-N '„,yN' 



n — m 



n + m 



2 2Mi-i) (-)" (f) 



fc=l 



iV (2n)i/ 



2 '^^n ' 



.rM _ 2 ^Y-V 2fc^(i-j) (-)" (f) 
^Vn-i - ^ 2^ sm ^ (2n -1)1/2 ^2„-i- 



fc=i 



N 



for n + m : even, 



for n + m : odd, 



(5.31) 



Which is only vahd for N > 2 (when N = 2, there are no sums). These equa- 
tions do not include the case = 1, although it can be treated trivially in the 
half-string formulation, see for example ||6|. This completes the calculation of 
the N-sting interaction vertex ( 4.24| ) and represents our main result. The inter- 
action between string Fock space states is readily obtained by taking derivatives 
with respect to the parameters A, A', as it was indicated in ( p. 20 ). 

We insist again on the fact that the Neumann functions are generated in an 
explicit way from the representation changing matrices Mi and M2. Therefore, 
in this picture they appear as derived quantities. This assertion is true for every 
A^-string contact interaction, thus providing a relation among the Neumann 
functions associated with the A^-string vertices. 

To illustrate these results we can consider the case = 3, for which the 
sums in ( 5.31D only have the term corresponding to A; = 1. The result one 
obtains from ( 5.31 ) agrees with previous calculations of the cubic interaction 
vertex performed earlier |^, ^ . 



6 CONCLUSIONS 

In this work we have calculated the vertex corresponding to the contact inter- 
action of A'^ strings. We have used the "comma" representation of String Field 
theory in which the prominent role that the joining of the half strings plays is 
apparent. This feature also appeared in the pioneering work of Witten [||. 

This approach has the advantage of furnishing a compact treatment of the 
vertex giving a result of general validity, independent of the number of strings. 
The final answer is always given in terms of a matrix which involves particular 
combinations between the matrices that change from the string representation 
(in which string physical states take on a simple form) to the "comma" repre- 
sentation in which interaction takes a trivial form. 

The relevant matrix has been calculated and in general is given in terms of 
the Taylor coefficients of particular rational functions. Those coefficients, their 
sum rules and most of their properties which are relevant to our work, have 
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been worked out in the appendix. With this result one can readily identify 
the Fourier coefficients of the Neumann function for the A^-string geometry. 
Finally we checked our results against the simple case of the cubic interaction 
in agreement with the known results. 

The task to face know is two folded. On the one hand, work is under way to 
implement this result to the case of closed strings. The required modifications 
are trivial and will be reported in the near future. On the other hand, the 
extension to the description of the restricted polyhedra describing the terms in 
non-polynomial action of closed strings will require the study of these vertices 
under reparametrizations. Work in this direction is under way. In particular it 
is no difficult to prove |10| that the modular parameters appearing in the CSFT, 
namely the length of the string overlaps, are related in a straightforward way 
to the reparametrization parameters of |^]. 

Acknowledgments 

The work of J.B. has been supported by CICYT (Spain) under Grant AEN- 
90-0040. F.A. wants to thank UNAM (Mexico) for their support. The work of 
A. A. has been supported by SSR (Libya). The authors thank H. M. Chan for 
his valuable comments. 



17 



Appendix A 

In this appendix we give the properties of the coefficients of the Taylor 
expansion of the functions: 



1 + xV/P 



1 - X, 



1 - X 



n=l 

oo 

E 

n=l 



we need them for the construction of the Fourier coefficients of the Neumann 
functions carried out in section 5. 

Most of the results derived here are a generalization of the calculations 
performed in ref. ^ where the case p = 3 was analyzed in detail. 

With the above definition of the coefficients Un^^'^ and Vn^^^ , we can express 
them in an integral form: 

""n 

The Vn^'^'^^s are expressed in an analogous fashion with the substitution of 1/p 
by 1 — 1/p. This expression is useful to find the recursion relation obeyed by 
the coefficients. Integration by parts of the derivative of the integrated function 
gives: 



1 



27ri Jo x"+^ V 1 — a: 



4^/^) = (n + - (n - l)nt/?\ 



2 1 



p 



1+1 
MM 



(A.l) 



Also, making use of the same integral representation, one can relate both 
coefficients: 



U^M = (_)n + _ 2,4iM + - i)4Vf 



1 



It is as well possible to find a closed expression for the coefficients although 
it wont be necessary for our purposes. 

In the text, and in particular in section 5 one needs the evaluation of several 
infinite sums involving these coefficients. The simplest of these sums is: 



E 



n+in:odd 



n + m 



It can be written in an integral form allowing its evaluation. For instance, for 
odd indices, we have: 



E 

771=1 



(1/p) 

2m- 1 



2n + 2m - 1 



I I [ dx 
sin I 8i Jo 



l + xV/P fl + x 
+ 



1 — X 



1 — X 



-1/p- 
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the last integral being proportional to the coefficient U2r/^'' • ^ result we find: 

vr 1 



E 



n+m:odd 



n + m 



2sin^'*" 



(i/p) 



(A.3) 



From this relation, it is then straightforward to deduce a recursion relation 
for these sums similar to the one found previously for the coefficients Un^^^ and 



-K = {n + l)K+i-in-l)K-i- 



(A.4) 



We can extrapolate this result to find the sums for negative values of the 
index, namely: 



4 cot VP). 
2 p " 



(A.5) 



To find this result we need a boundary condition that can be given by the 
sum Eq. We can proceed by direct integration: 



^0 



1 



dx 



2Ji X 



X 



x-1 



1 \ 



x + l 



1 p 



p 



vr TT 
— tan — . 
2 2p 



The change of variable one needs to perform the integration, namely y 

-2 



^cosh(| In; 



, was already suggested in Q. 
Note that, in the sums evaluated above, one is summing over the index 
m with parity opposed to n. The sums for indices with the same parity are 
more involved and we will only discuss the properties which are more relevant 
to our work. 

First the sums involving quadratic denominators, namely: 



E 



n+m:odd 



{n + m 



i2- 



One can show, solely making use of the recursion relations given in equation 
( [A.l| ), the following recursion relation: 

(n + l)S«+i = hi + (n - + - S^i, 

which can be extended to negative values of the index n and by direct evaluation 
of the combination: 



cos -S^ - S« ^ = - sin 
p 2 p 



U QU 



that we use as boundary condition, we find the relation between the sums for 
positive and negative indices: 



^1. 



TT vr 
p 2 



S::cos- = - sin-S^5;^. 



p' 
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(1/p) 

The sum Sm = J2n+m:even n+m ' '^^ich involves Summing with indices of 
the same parity, appears here. It can directly be shown that they satisfy the 
same recursion relation as before ( |A.4 ): 

^S: = in + l)S:^,-in-l)S:i_,. 

Notice at this point that a recursion relation of this kind has two different 
solutions, one proportional to the coefficients Un^^^ which is the one given in 



( |A.3| ) and the other one, corresponding to the sums 5„ which behaves as 1/n 
when n — > 0. The general form of the latter can be obtained by using the 
generating function: 

oo 
n=l 

and convert the recursion relation into a differential equation whose solution is 
given by: 

This can be solved in terms of the original coefficients. We will skip the details, 
instead we evaluate several combinations of these sums which are relevant in 
section 5. 

Let us calculate the combination given by: 

„,(1/P) qv , (1/p) OU (-A «\ 

We start from the quantity: 

n + m 

that, using the relations (|A.1| , A. 2 ), can be shown to satisfy: 

(m + l)Tm+l,n - (m - l)Tyn-l,n + (n + l)Tm,n+l - (n - l)Tm,n-l = 0, 

for n + m : odd. Now, taking m — > 2m — 1, n — > 2n and summing over the index 
m, one finds the recursion relation: 



[Zn -t- ij ^U2n+l'J2n+l + ^2n+l'-'2n+lJ — ^) [^2n-l'-'2n-l + ^2n-l'-'2n-l 

which has a solution: 

qv I „,(1/P) qU _ Si 

"2n-l'-'2n-l "r '^2n-l'~'2n-l — 2n — l' 

To determine the value of 5*1 we proceed directly writing it in its integral form 
to find Si = 2, a result that is independent of the value of K 



,(i/p)cf , jyp) 

QU 
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Following the same steps, one can easily evaluate the combinations: 



^2n '^2n + ^2n '^2n 



qu _ 



2n 



"2n-l'-'2n-l ^2n-l'^2n-l ^2n-l'-'-{2n-l) ^2n-l'-'- 



-{2n-l) 



1 



2n- 1' 



which also appear in the calculation of the interaction vertex. 

To take care of the indetermination appearing in the functions N^^^ in the 
limit when n ^ m. We can show that: 



lim 



2 TT 

= — sm — 

TT p 



2(n — m) 

'^-ro ^rr, 



This result is obtained just by writing the left hand side in an integral form. 
Finally, in the evaluation of the Neumann coefficient Nqq one needs the sum: 



MM 



Sq = Y,'^=i (2n-i)^ ' which can be performed using its integral representation: 



^0 



lim - — 
fe-»o 2 dk 



f 

Jo 



1 cos 



2p 



4 sin 



2p 



dx 



1 1 



1 + xV/P /1-xV/P 



X 



1 + x 



2p 



1 1 



^ o + :r +V'U-^ -2V'(l)+41n2 



2p 



(A.7) 



To end this appendix notice that the discussion we have undertaken for 
! coefHcients 
1/p ^ 1 - 1/p. 



the coefHcients Un^^^ can be translated into Vn^^^ with the only change of 
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